(Dated: May 30, 2008) The α particle preformation in the even-even nuclei from 108 Te to 294 118 and the penetration probability have been studied. The isotopes from Pb to U have been firstly investigated since the experimental data allow to extract the microscopic features for each element. The assault frequency has been estimated using classical methods and the penetration probability from tunneling through the Generalized Liquid Drop Model (GLDM) potential barrier. The preformation factor has been extracted from experimental α decay energies and half-lives. The shell closure effects play the key role in the α preformation. The more the nucleon number is close to the magic numbers, the more the formation of α cluster is difficult inside the mother nucleus. The penetration probabilities reflect that 126 is a neutron magic number. The penetration probability range is very large compared to that of the preformation factor. The penetration probability determines mainly the α decay half-life while the preformation factor allows to obtain information on the nuclear structure. The study has been extended to the newly observed heaviest nuclei. 
I. INTRODUCTION
The α emission is one of the decay channels of the heavy nuclei. Measurements on the α decay can provide reliable information on the nuclear structure such as the ground-state energy, the ground-state half-life, the nuclear spin and parity, the nuclear deformation, the nuclear clustering, the shell effects and the nuclear interaction [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . Measurements on the α decay are also used to identify new nuclides or new heavy elements since the α decay allows to extract clear and reliable information on the parent nucleus [13, 14, 15] . Recently, the interest in the α decay has been renewed because of the development of radioactive beams and new detector technology under low temperature.
The α decay process was first explained by Gamow and by Condon and Gurney in the 1920s [16, 17] as a quantum-tunneling effect and is one of the first examples proving the need to use the quantum mechanics to describe the nuclear phenomena and its correctness. Later on, theoretical calculations were performed to predict the absolute α decay width, to extract nuclear structure information, and to pursue a microscopic understanding of the α-decay phenomenon. These studies are based on various theoretical models such as the shell model, the fissionlike model, and the cluster model [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] . In the α cluster model, the decay constant λ is the product of three terms: the cluster preformation probability P 0 , the assault frequency ν 0 and the barrier penetrability P. The α particle emission is a quantum tunnelling through the potential barrier leading from the mother nucleus to the two emitted fragments: the α particle and * Electronic address: royer@subatech.in2p3.fr the daughter nucleus. The penetrability can be described successfully using the WKB approximation. The most important problem of the α decay is how to estimate the preformation probability P 0 that the α particle exists as a recognizable entity inside the nucleus before its emission. It is very dependent on the structure of the states of the mother and daughter nuclei and is a measure of the degree of resemblance between the initial state of the mother nucleus and the final state of the daughter nucleus plus the α particle. Within an asymmetric fission picture the preformation factor P 0 has been taken as 1 in previous studies and that allows to reproduce the experimental α decay half-lives [22, 26] when the experimental Q α values are used. There are, however, still small differences between the calculated and experimental values and these discrepancies may be used to determine the α-preformation probability. The α preformation factor is very important from the viewpoint of the nuclear structure. Numerous studies of the α decay have been concentrated on this problem [31, 32, 33, 34, 35, 36, 37, 38] . There are also several approaches to calculate the formation amplitude : the shell model, the BCS method [39] , the hybrid (shell model+α-cluster) model [40] etc. The effect of continuum states on the α decay is known to be very large [39] . One needs therefore very large shell model basis to obtain the experimental values of the α-preformation probability. The hybrid model [40] , which treats a large shell model basis up to the continuum states through the wavefunction of the spatially localized α cluster, explains well the experimental decay width. In these calculations the wave function is necessary, and it is not easy to extend the approaches for nuclei including more nucleons outside the double-magic core.
In this contribution, the preformation factor is extracted from the experimental α decay half-life T α and the penetration probability is obtained from the WKB approximation. The potential barrier is determined within a generalized liquid drop model (GLDM) includ-ing the proximity effects between the α particle and the daughter nucleus and adjusted to reproduce the experimental Q α [22, 26] .
The paper is organized as follows. In Sec. 2, the methods for calculating the assault frequencies, the penetrability of the even-even nuclei and the preformation factor are presented. The calculated results are shown and discussed in Sec. 3. In the last section, the conclusions are given and future works are proposed.
where A i , Z i , R i and I i are the mass numbers, charge numbers, radii and relative neutron excesses of the two nuclei. r is the distance between the mass centres. The radii R i are given by Eq. (3).
For one-body shapes, the surface and Coulomb energies are defined as [22, 41] :
S is the surface of the one-body deformed nucleus. V (θ) is the electrostatic potential at the surface and V 0 the surface potential of the sphere. The surface energy results from the effects of the surface tension forces in a half space. When there are nucleons in regard in a neck or a gap between separated fragments an additional term called proximity energy must be added to take into account the effects of the nuclear forces between the close surfaces. This term is essential to describe smoothly the one-body to two-body transition and to obtain reasonable fusion barrier heights. It moves the barrier top to an external position and strongly decreases the pure Coulomb barrier.
where h is the distance varying from the neck radius or zero to the height of the neck border. D is the distance between the surfaces in regard and b = 0.99 fm the surface width. Φ is the proximity function. The surface parameter γ is the geometric mean between the surface parameters of the two fragments. The combination of the GLDM and of a quasi-molecular shape sequence has allowed to reproduce the fusion barrier heights and radii, the fission and the α and cluster radioactivity data. The barrier penetrability P is calculated within the action integral
(11) The deformation energy (relatively to the sphere energy) is small till the rupture point between the fragments [22] and the two following approximations may be used : R in = R d + R α and B(r) = µ where µ is the reduced mass. R out is simply e 2 Z d Z α /Q α . The decay constant may be deduced from the experimental α decay half-life T α by
The preformation factor P 0 of an α cluster inside the mother nucleus can be estimated inserting Eq. (2), Eq. (11) and Eq. (12) in Eq.(1).
III. RESULTS AND DISCUSSIONS
The values of the decay constant λ, the velocity, the assault frequency ν 0 , the penetrability P and the preformation factor P 0 are given for the even-even Pb, Po, Rn, Ra, Th and U isotopes in the tables 1 and 2.
In the simple picture of an α particle moving with a kinetic energy E α inside the nucleus, the order of magnitude of the α velocity v is 1.0×10 22 fm/s for all considered nuclei. The order of magnitude of the assault frequency ν 0 calculated by Eq. (1) 
is 1.0×10
21 s −1 both in the table 1 and the table 2. The variations of v and ν 0 are small. In the previous study relative to the α decay halflives using the GLDM [22] , the assault frequency ν 0 is fixed as 1.0×10 20 , which is smaller by one order of magnitude than the value obtained in the present calculation, meaning that an averaged preformation factor of 0.1 has been included in the previous α decay study. So the previous calculations are consistent quantitatively with the experimental data in general. A fixed value of the assault frequency cannot describe the detailed features of the nuclear structure and the last column of the tables 1 and 2 displays the extracted preformation factor P 0 when the Eq. (2) is assumed. To study the correlation between the preformation factors and the structure properties, the preformation factors of Pb, Po, Rn, Ra, Th, and U isotopes are given as a function of the neutron number N in Fig.1 . The preformation factors of the isotopes generally decrease with increasing neutron number up to the spherical shell closure N=126, where the minimum of P 0 occurs, and then they increase quickly with the neutron number. The values of the preformation factors is always minimum for the Po, Rn, Ra, Th, and U isotopes when N=126. The preformation factors of N=126 isotones are shown in Fig. 2 . The preformation factors increase when the proton number goes away from the magic number Z=82. The maximum values of the preformation factor for the five elements, which correspond to the most neutron-rich nucleus from Po to U isotopes respectively, are presented in Fig.3 . In general, the values increase with the proton number. From 232 Th to 238 U, the value of the preformation factor decreases apparently, even if the proton number Z is far from the magic number Z=82. The neutron number of 238 U (N=146) is closer to the submagic neutron number N=152 than that of the nucleus 232 Th (N=142); so the preformation factor of 232 Th is larger than that of the nucleus 238 U. As a conclusion the shell closure effects play the key role in the α formation mechanism. The more the nucleon number is close to the magic numbers, the more the formation of the α cluster inside the mother nucleus is difficult.
The ground-state spin and parity of even-even nuclei is 0 + and the α decay of even-even nuclei mainly proceeds to the ground state of the daughter nucleus. Though the parent nucleus may also decay to the excited states of the daughter nucleus, the probability is very small and it can be neglected for a systematic study of penetrability. The calculated penetrabilities are given in the seventh column in the tables 1 and 2. The values of the penetrability vary in a wide range from 10 −39 to 10 −14 for the even-even isotopes of Pb, Po, Rn, Ra, Th, and U, implying that the penetrability plays the key role to determine the α decay half-lives. The values of log 10 (P) are plotted in Fig. 4 for the even-even Pb, Po, Rn, Ra, Th, and U isotopes. They decrease with the increasing neutron number N for the Pb, Po, Rn, Ra, and Th isotopes before the magic number N=126. For the U isotopes, the experimental data of Q α and T α are not supplied. The penetrability values increase sharply after N=126 and reach the maximum at N=128, then they decrease again quickly for Po, Rn, Ra, Th, and U isotopes. For the Pb isotopes the experimental data of Q α and T α are not supplied after N=128. For the nuclei with two neutrons outside the closed shell, the α particle emission is easier than that of the other nuclei of the same isotopes. The closed shell structures play also the key role for the penetrability mechanism. The more the nucleon number is far away from the nucleon magic numbers, the more the penetrability of the α cluster from mother nucleus becomes larger.
The values of the α decay constant λ deduced from the experimental half-lives are shown in the fourth column of the tables 1 and 2 for the even-even isotopes of Pb, Po, Rn, Ra, Th, and U. In order to clarify the relations between the decay constant λ, the preformation factor P 0 , the assault frequency ν 0 and the penetrability P, the values of log 10 (P 0 ), log 10 (ν 0 ), log 10 (P), and log 10 (λ) are displayed as functions of the neutron number N for Po isotopes in the Fig. 5 . The curve shape of log 10 (λ) is the same as that of log 10 (P), confirming that the α decay half-lives are mainly decided by the penetrability. log 10 (ν 0 ) decreases smoothly before N=126, increases from N=126 to N=128, and decreases again with the increasing of the neutron number, indicating that the assault frequency of α particle can also reflect the shell effects, even if log 10 (P 0 ) exhibits the microscopic nuclear structure more clearly.
It has been shown that the nuclear structure characteristics can be detected through the study of the α formation and penetrability in the above discussions. It is tempting to extend the study to the superheavy nuclei. [13, 14, 15] . These recent experimental results have led to new theoretical studies on the α decay; for example within the relativistic mean field theory [42] , the DDM3Y interaction [25] , the GLDM [26, 43] and the Skyrme-Hartree-Fock mean field model [30] . All the above theoretical works are concentrated on the half-lives of these observed superheavy nuclei, and the results are reasonably consistent with the experimental data. The characteristics of the α formation and penetrability for the even-even superheavy nuclei are listed in the table 3. The preformation factors are distributed between 0.005 and 0.05 showing that the shell effect structures are also important features for the superheavy nuclei. The preformation factor of 294 118 is 0.0056, which is smaller than that of the spherical nucleus 210 Po, implying perhaps that the neutron number N=176 is a submagic number. In Ref. [44] , it is also pointed out that for the oblate deformed chain of Z= 112, the shell closure appears at N= 176. Thus the preformation of α is not easy for these heaviest nuclei. The penetration probabilities P given in the seventh column of the table 3 always stay between 10 −20 and 10 −15 . The penetration probabilities are relatively very large, while the range is narrow. So it is easy for the α particle to escape from these heaviest nuclei as soon as they form, confirming that the superheavy nuclei are weakly bound. The experimental but model-dependent preformation factors of the 180 even-even nuclei from Z=52 to Z=118 are displayed in Fig. 6 . In general, the formation factor decreases with the increase of the mass number A. It can be understand easily that the theoretical α decay GLDM half-lives are very slightly higher than the experimental data for the light nuclei and lower for the heaviest systems, when the preformation factors are neglected. The preformation factors decrease with mass number till about 210, then, the preformation factors jump nearly one order of magnitude, and finally decrease again, due to the neutron number N=126 in this mass region.
IV. CONCLUSION AND OUTLOOK
A global study of the α formation and penetration is presented for the even-even nuclei from Z=52 to Z=118. The decay constants are obtained from the experimental half-lives. The penetration probabilities are calculated from the WKB approximation and the penetration barriers are constructed with the GLDM. After using a classical method to estimate the assault frequencies the preformation factors are extracted systematically. The preformation factors are not constant for these nuclei, and show regular law for the studied isotopes. Clearly the closed shell structures play the key role for the preformation mechanism, and the more the nucleon number is close to the magic nucleon numbers, the more the preformation of α cluster is difficult inside the mother nucleus. The decay constant is the product of the preformation, the penetration, and the assault frequency. The penetrability determines mainly the behaviour of the decay constant. The study is extended to the even-even superheavy nuclei. The penetration probabilities are relatively very large and its range is narrow for the heaviest nuclei.
So it is easy for the α particle to escape from these nuclei as soon as they are formed, confirming that the superheavy nuclei are weakly bound. Thus, it is interesting and timely to study the preformation factors microscopically and systematically. It is also desired to extend the study to the odd A and odd-odd nuclei and extract possibly analytical formulas of preformation factors, which should be functions of the nucleon numbers and the α decay energy. It would be also important to take into account the deformations, which may change the results by perhaps one order of magnitude. Characteristics of the α formation and penetration for the even-even Pb, Po and Rn isotopes. The first column indicates the mother nucleus. The second and third columns correspond, respectively, to the experimental Qα and log10[Tα(s)]. The fourth column is the decay constant λ. The fifth and sixth columns correspond, respectively, to the velocity and frequency of the α cluster inside the mother nucleus. The seventh column is the penetration probability and the last column gives the preformation factor extracted from Eq. (1) and the data of this 0.0169
